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Abstract

Background Enterohepatic recirculation of irinotecan and
one of its metabolites, SN-38, has been observed in phar-
macokinetic data sets from previous studies. A mathemati-
cal model that can incorporate this phenomenon was
developed to describe the pharmacokinetics of irinotecan
and its metabolites.

Patients and methods A total of 32 patients with recurrent
malignant glioma were treated with weekly intravenous
administration of irinotecan at a dose of 125 mg/m>. Plasma
concentrations of irinotecan and its three major metabolites
were determined. Pharmacokinetic models were developed
and tested for simultaneous fit of parent drug and metabo-
lites, including a recirculation component.

Results Rebound in the plasma concentration suggestive
of enterohepatic recirculation at approximately 0.5-1h
post-infusion was observed in most irinotecan plasma con-
centration profiles, and in some plasma profiles of the SN-
38 metabolite. A multi-compartment model containing a
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recirculation chain was developed to describe this process.
The recirculation model was optimal in 22 of the 32
patients compared to the traditional model without the
recirculation component.

Conclusion A recirculation chain incorporated in a multi-
compartment pharmacokinetic model of irinotecan and its
metabolites appears to improve characterization of this
drug’s disposition in patients with glioma.

Keywords Irinotecan - Pharmacokinetics -
Enterohepatic recirculation

Introduction

Irinotecan (CPT-11; Camptosar®) is used in the treatment
of a variety of malignancies such as ovarian [1, 2], and
colorectal cancers [3, 4]. More recently, it has shown activ-
ity in the treatment of glioma [5].

Both hydrolysis and metabolism are responsible for elimi-
nation of irinotecan (Fig. 1). The hydrolysis pathway is cata-
lyzed by carboxy esterases and results in the formation of the
active metabolite 7-ethyl-10-hydroxycamptothecin (SN-38).
Although both human carboxy esterase isoenzymes 1 and 2
were identified to be involved in this biotransformation,
human carboxy esterase 2 appears to play a more important
role in cancer patients [6, 7]. SN-38 is further metabolized in
human liver by UDP-glucuronosyl tranferase 1Al to the
inactive metabolite 7-ethyl-10-[3,4,5-trihydroxy-pyran-2-
carboxylic acid]-camptothecin (SN-38G) [8, 9]. SN-38 levels
are about 100-fold lower than that of irinotecan, with elimi-
nation half-life of approximately 10.2 h [10]. SN-38 glucuro-
nide is present in plasma at higher concentrations than SN-38
[11]. The metabolic biotransformation of irinotecan is cata-
lyzed by CYP450 3A4. The major metabolites formed
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Fig. 1 Metabolic scheme of irinotecan

through this pathway are 7-ethyl-10-[4-N-(5-aminopentanoic
acid)-1-piperidino)- 1-amino]-carbonyloxycamptothecin (APC)
and 7-ethyl-10-[4-(1-piperidino)-1-amino]-carbonyloxycam-
ptothecin (NPC) [12]. Only small fractions of irinotecan and
its metabolites are eliminated in urine and a higher propor-
tion in the bile.

An apparent enterohepatic recirculation of irinotecan
and SN-38 is evident by the rebound in plasma levels at
about 0.5-1.0 h following intravenous infusion [13]. We
particularly noted this effect in some patients receiving con-
comitant anticonvulsant medications, however no formal
pharmacokinetic model has been published which could
describe this complex process in the context of metabolite
pharmacokinetics [14].

The pharmacokinetics of irinotecan display high inter-
patient variation and are typically described by two or three
compartment, first order models [15]. We attempted to uti-
lize such models to evaluate parent drug and metabolites in
a population of patients with brain tumors, many of which
were receiving metabolic enzyme-inducing anticonvulsants
[14]. Observable delayed (post-infusion) increases in
plasma irinotecan (and to some degree, SN-38) led us to
explore alternative approaches for mathematical descrip-
tion of these data. This paper reports use of our published
irinotecan pharmacokinetic data to develop a novel enter-
ohepatic recirculation model which incorporates multiple
metabolite information. In addition, we have provided data
on an additional metabolite (APC) which was not available
at the time of the previous publication.
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Patients and methods
Inclusion criteria

Patients older than 18 years of age, diagnosed with recur-
rent primary malignant glioma [glioblastoma multifome,
anaplastic astrocytoma (AA), or anaplastic oligodendrogli-
oma (AO)] and exhibiting a Karnofsky performance status
>60% were included in this pharmacokinetic study. Other
pertinent eligibility criteria included adequate renal func-
tion (serum creatinine <1.5 mg/dL), adequate hepatic func-
tion (blood nitrogen level <25 mg/dL, serum AST and
bilirubin levels <1.5 x upper limit of normal), and ade-
quate bone marrow function (hematocrit concentration
>29%, absolute neutrophil count >1,500 cell/pL, platelet
count >125,000 cells/pL). Patients who were receiving cor-
ticosteroids were required to be on a stable dose for
2 weeks prior to treatment.

Written informed consent was obtained from patients
according to the guidelines of the institutional review board
prior to initiation of the study. Additional details of the
patient eligibility criteria are included elsewhere [14].

Treatment

Irinotecan was diluted with 500 mL of 5% dextrose solu-
tion, and administered by a 90 min IV infusion once weekly
for 4 weeks, followed by 2 weeks rest. The starting dose of
irinotecan was 125 mg/m? for all patients. Irinotecan was
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obtained from the Cancer Therapy Evaluation Program of
the National Cancer Institute (NCI) as a sterile solution of
20 mg/mL in 2- or 5-mL vials.

Standard doses of ondansetron and an IV bolus dose of
dexamethasone (10-20 mg) were administered before each
irinotecan dose to prevent emesis. Patients who exhibited
cholinergic affects with 2.5 h of starting of irinotecan infu-
sion were treated with atropine (1 mg, IV). Patients who
had late diarrhea were treated with loperamide. Patients
already taking anticonvulsants continued treatment as pre-
scribed. Chronic oral administration of corticosteroids was
used to reduce tumor produced effects.

Pharmacokinetic studies

Pharmacokinetics of irinotecan and its metabolites, SN-38,
SN38-G, and APC were conducted during, and up to 24 h
after the first irinotecan infusion. Blood samples (5 mL)
were drawn into heparinized tubes before irinotecan infu-
sion at 30, 60, and 90 min (end of infusion), and at 5, 15,
and 30 min and 1, 2, 4, 6, 8, and 24 h following the comple-
tion of the infusion. Blood samples were immediately
placed into slurry of ice and water. Plasma was separated,
as soon as possible, by centrifugation at 1,000-1,200x g
(3,000 rpm) for 20 min, and stored at —70°C until ana-
lyzed.

Plasma concentrations of irinotecan and its metabolites
(SN-38, SN-38G and APC) were determined using a vali-
dated, sensitive, and specific high performance liquid chro-
matography with fluorescence detection as described
previously [14]. The lower limits of quantification were 1.3,
0.5, and 1.0 ng/mL for irinotecan, SN-38, and APC, respec-
tively. Intra- and inter-variability in the assay method was
<10% for each analyte.

Pharmacokinetic data analysis

Pharmacokinetic analyses were performed using non-com-
partmental as well as compartmental pharmacokinetic mod-
eling. Initial parameters were determined by generalized
least-square regression of plasma concentration time points,
as implemented by the ADAPT program (Biomedical Sim-
ulations Resource, University of Southern California) [16].
Irinotecan and its metabolite data were then evaluated by
ADAPT using a nonlinear, open, multi-compartment phar-
macokinetic model. The model included two compartments
for irinotecan, and one compartment each for SN-38 and
APC. The data were also evaluated using a model that takes
into account the phenomenon of enterohepatic recircula-
tion. This model additionally incorporated a recirculation
“chain” stemming off of the irinotecan compartment and
leading back into it as depicted in Fig. 2. The recirculation
chain consisted of five compartments, each of fixed
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Fig. 2 The enterohepatic recirculation model consists of irinotecan
central compartment, irinotecan peripheral compartment, and SN-38
and APC plasma compartments, and the recirculation chain that con-
sists of five compartments each of fixed volume

volume, with a single rate parameter that is equal to the rate
constant of flow between each compartment in the chain.
This rate parameter also determined the linear rate con-
stants between the primary compartment and the chain
compartment, and between the last chain compartment and
the primary compartment. The virtue of having a single
parameter is that it allows us to model the recirculation
effects while adding minimum complexity to the model. To
determine the best number of compartments in the model
(five), we ran several informal trials on patients which
appeared to display a high qualitative level of recirculation.
A four compartment chain worked fairly well for some sets,
and our decision to use five reflected our sense that a five
compartment chain produced the best fit for the majority of
recirculation sets. It should be noted that the five compart-
ments in the chain do not represent any physiological com-
partment.

A metabolic ratio, estimated as the ratio of each metabo-
lite to irinotecan (AUC,_,,), was used to measure the rela-
tive ratio of irinotecan conversion to SN-38, SN38 to SN-
38G, and irinotecan metabolism to APC.

Model selection

The Akaike Information Criterion (AIC) was utilized to
select the best model for each patient data set [17]. Four
representative patients were utilized for the determination
of appropriate weighing scheme for the analytes. A weigh-
ing scheme was selected before running both models. Ini-
tially we found that a scheme with a coefficient of 1 for
irinotecan, 30 for SN-38, and 5 for APC produced the low-
est SSR on average for the patients tested. Improvement in
the scheme was evident when coefficients of 1 for irino-
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tecan, 10 for SN-38, and 5 for APC were employed. Like
the 1, 30, 5 scheme, the latter scheme produced relatively
low SSR for the four representative patients, and the two
schemes gave comparable results. In addition, the 1, 10, 5
scheme was chosen because the weights are in keeping with
the fact that SN-38 is 10—1,000 times more active than iri-
notecan, and the activity of APC falls between that of irino-
tecan and SN-38. Although we experimented with
weighting schemes such as 1, 135, 3.5, which is more in
line with the relative magnitudes of the analyte activity lev-
els (and which makes the weighted SSR the same order of
magnitude for each of the analytes), schemes that gave
higher weight to SN-38 inevitably yielded higher total
SSRs. Qualitatively, there seemed to be a trade off in some
cases between fitting irinotecan well and fitting SN-38 well.
In addition, weighting schemes that fit irinotecan well also
seemed to fit APC well. After deciding on a weighting
scheme, we estimated parameters for each patient using
both the standard model and the recirculation model.

The best fit model was selected on a per-patient basis,
using analyses of each patient with the recirculation model
and the standard four compartment model. In the initial
round of inspection, the model corresponding to the lower
AIC value was termed the best model. In the second round
of inspection, the data set of each patient was rated on a
three point scale for the presence of enterohepatic recircula-
tion, a subjective rating of 0, 1, or 2 was assigned to
patients of they showed no, possible, or strong recircula-
tion, respectively. This was done via a visual appraisal of
the irinotecan and SN-38 concentration-time curves. If the
standard model had been selected as best for a patient with
a high qualitative degree of recirculation, the data set for
that patient was rerun with alternative initial parameter esti-
mates and the best model assignments were then finalized.

Results

Blood samples from 32 patients, 20 males and 12 females,
were analyzed for irinotecan, SN-38, SN-38G, and APC.
All patients received 125 mg/m? of irinotecan. Most of the
patients (n = 29) were initially diagnosed with glioblastoma
multiforme (GBM), two with AA, and one with AO. All the
patients except two received enzyme inducing antiepileptic
drug treatment.

Pharmacokinetic variables for irinotecan and its metabo-
lites were determined from concentration-time data using
non-compartmental and compartmental analysis. Figure 3
shows the plasma concentration-time curve of irinotecan,
SN-38, and APC from a representative patient with an
apparent recirculation profile. The plasma disposition curves
for irinotecan were biphasic, with rapid decrease after the
end of the infusion. The descent of the concentration-time
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Fig. 3 Plasma concentration-time profile, in a representative patient
of enterohepatic recirculation, for irinotecan (filled circle), SN-38
(open circle), and APC (inverted triangle). Irinotecan double dagger
secondary peak after the end of the infusion indicative of enterohepatic
recirculation. Symbols represent measured plasma concentration, and
solid lines are obtained from predicted concentrations using the recir-
culation model connected point by point

curve following the end of infusion was interrupted by a
brief upturn before continuing its fall in 22 patients, sugges-
tive of an enterohepatic recirculation pathway. Plasma con-
centrations of APC displayed first order elimination.
Figure 4 depicts the plasma concentration-time curve for iri-
notecan, SN-38, and APC in a patient with no enterohepatic
recirculation. Irinotecan showed a rapid decay after the end
of the infusion, with no upturn in irinotecan concentration
following the end of the infusion. Table 1 shows the non-
compartmental pharmacokinetic parameters for irinotecan,
APC, SN-38, SN-38G. The mean =+ SD (ng/mL h) AUC_,,
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Fig. 4 Plasma concentration-time profile, in a representative patient
of with no evidence of enterohepatic recirculation, for irinotecan (filled
circle), SN-38(open circle), and APC (inverted triangle). Symbols rep-
resent measured plasma concentration, and solid lines are obtained
from point by point connection of the predicted plasma concentrations
by the standard model
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Table 1 Comparison of phar-

o APC Irinotecan SN-38 SN-38G

macokinetic parameters for

APC, irinotecan, SN-38, and Tmax (h) 231 +0.56 13403 12404 1.66 + 0.28

SN-38G using non-compart-

mental analysis Cmax (ng/mL) 178.6 = 94.5 1,465 + 598 129+5.5 65.3 £25.7
Half-life (h) 5.5+ 1.08 5.3 £0.86 85+64 10.0 £2.9
AUC,,_,, (ng h/mL) 1,337 + 506 4,303 + 1,321 63.9 +£39.7 359 + 157
AUC ;s (ng h/mL) 1,423 £+ 565 4430 £ 1306 76.7 +50.5 440 £+ 197
AUC % extrapolated 57+5.0 31+32 198 £ 11.1 16.7+9.5

were 4,430 £ 1,306 for irinotecan, 1,337 4 506 for APC,
63.9 4+ 39.7 for SN-38, and 359 £ 157 for SN-38G. The
AUC,,_,, accounted for more than 95% of AUC,, ; for iri-
notecan in all patients. AUC,_,, accounted for more than
70% of AUC ;s in 94, 87, and 100% of the patients for
APC, SN-38G, and SN-38, respectively.

The relationship between irinotecan and its metabolites
was evaluated by comparing the AUCs. The mean £ SD of
the conversion of irinotecan to SN-38 was 0.016 + 007,
while that of the metabolism of irinotecan to APC was
0.3 £ 0.1. The mean £ SD for the conversion of SN-38 to
SN-38G was 6.94 £ 3.09.

The best fit model was selected on a per-patient basis,
using analyses of each patient with the recirculation model
and the standard four compartment model. The final param-
eters for the best and standard model are shown in Table 2.
The recirculation model was best in 22 patients out of the
32 patient data sets, while the standard model was best in
10 patients. Figure 5 shows the relationship between the
best model AUC for each analyte to the actual trapezoidal
AUC. The regression produced R? of 0.971, 0.815, and
0.974 for irinotecan, SN-38, and APC, respectively. The
mean precision error (MPE) and root mean squared error
(RMSE) were used to quantify the degree of bias and preci-

Table 2 Final pharmacokinetic parameters for both the standard and recirculation model

Virinotecan K12 Ky Ko Kis Koz Vsnaag Ky, Kena Varc

(L/m?) (™ (h™h (™ (h™h (™ (L/m?) GhH o whH  wm)
Standard model group (n = 10)
Mean  24.70 38.25 6.66 6.27 2.55 123.69 394.39 1.14 0.41 40.68
Median 5.42 19.26 1.08 3.83 0.22 15.16 12.28 0.06 0.36 1.45
SD 42.50 58.87 18.29 8.36 6.82 282.12 1165.40 3.07 0.17 72.38
Range 0.77-133.40 0.36-197.70 0.01-58.71 0.00-26.82 0.01-21.90 0.18-905.17 0.50-3710.00 0.00-9.83 0.19-0.67 0.00-209.80
Recirculation model group (n =22)
Mean  8.60 6.52 0.55 5.12 0.29 17.30 19.19 0.31 0.44 14.31
Median 8.66 3.22 0.26 4.27 0.11 10.61 8.12 0.08 0.40 4.30
SD 4.60 8.10 0.70 4.45 0.63 2543 34.40 0.69 0.16 30.76
Range 1.57-16.41 0.03-36.91 0.00-2.77 0.02-19.06 0.00-2.95 0.52-123.20 0.00-164.53 0.00-3.13 0.19-0.84 0.00-146.50

Out of 32 total patients, the standard model was designated as the optimal model for 10 patients and the recirculation model was designated the

optimal model for the remaining 22
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Fig. 5 Linear regression of the optimal non-compartmental AUCs on the compartmental AUCs for irinotecan (a), SN-38 (b), and APC (c)
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sion of the predicted AUC values. The MPE values for iri-
notecan, SN-38, and APC were —137, —13.2, and 1.09,
respectively. The RMSE values, which measure precision,
were 249, 20.82, and 77.95 for irinotecan, SN-38, and
APC, respectively.

Discussion

The importance of irinotecan as a chemotherapeutic agent
is well established, however approaches to model its
plasma disposition and complex metabolite profile are
suboptimal for some patients in whom observable enter-
ohepatic recirculation is evident. To our knowledge, this is
the first report to incorporate the phenomena of enterohe-
patic circulation in the pharmacokinetic model used to
describe the disposition of irinotecan and its primary
metabolites SN-38, SN38G, and APC. We have previously
reported the use of irinotecan for the treatment of glioma,
and described the pharmacokinetics of irinotecan and its
metabolites SN-38, and SN38G using non-compartmental
approaches [14]. A majority of previous irinotecan phar-
macokinetic studies focus on the parent drug and its active
metabolite SN-38 [18-20]. Fewer reports studied the phar-
macokinetics of its other metabolites SN-38G, NPC and
APC.

Xie et al. [21] introduced a multi-compartment model to
describe the population pharmacokinetics of irinotecan and
its metabolites. The model consisted of one central and two
peripheral compartments for the lactone from of irinotecan,
a central and a peripheral compartment for the carboxylate
form of irinotecan, the lactone form of SN-38, APC, and
NPC. The carboxylate form of SN-38 and SN-38G were
accounted for using a single compartment and elimination
occurring from the central compartments of the carboxylate
form of irinotecan, the carboxylate form of SN-38, APC,
NPC, and SN-38G. A three compartment model was used
to describe the pharmacokinetics of irinotecan in patients
with metastatic digestive cancer, while a two compartment
model was used for SN-38, and one compartment model
was used for SN-38G, APC, and NPC [22]. Ma et al. [23]
used a four compartment model to describe the pharmaco-
kinetics of irinotecan, SN-38, and APC in children with
recurrent solid tumor using low dose of irinotecan. A
altered distribution of SN-38 in two patients was observed
suggesting enterohepatic recirculation. None of the above
models took into account the phenomena of enterohepatic
recirculation.

In order to adequately describe the disposition of irino-
tecan, the mathematical model should have the capacity to
simultaneously describe the pharmacokinetics of irino-
tecan and its metabolites in the body since the SN-38
metabolite is 1,000-fold more potent than the parent drug
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[24], and enzyme induction could affect the formation of
the other metabolites APC and NPC. We explored multi-
compartment pharmacokinetic models that take into
account the enterohepatic recirculation phenomenon.
Unlike the model described by Xie et al. [21], the devel-
oped model did not take into account the lactone and car-
boxylate forms of irinotecan and its metabolites since only
total drug concentrations were available on our study.
Only the lactone form of irinotecan and its metabolites
have antitumor activity [25], and they undergo a pH-
dependent equilibrium with carboxylate forms [26]. How-
ever, the model simultaneously accounts for irinotecan, its
metabolites SN-38 and APC, and the phenomena of enter-
ohepatic recirculation.

Pharmacokinetic data from each patient were first evalu-
ated with a model that included irinotecan, SN-38 and
APC. After specifying and selectively testing this model,
we realized that some of the patients displayed qualitative
evidence supporting the enterohepatic recirculation of iri-
notecan. In a few cases, patients also displayed evidence for
the recirculation of SN-38.

Since the combined model did not appear to fit some
data sets very well, we decided to formulate a compartmen-
tal model that took into account the recirculation phenome-
non. After several attempts, we settled on the model
depicted in Fig. 2, which consists of the original combined
model with a recirculation “chain” added onto the irino-
tecan compartment. The idea behind this design is that dur-
ing the infusion, some of the irinotecan added to the
primary compartment is channeled into the recirculation
chain. After traveling through the chain, it flows back into
the irinotecan compartment. Depending on the specifica-
tions of the chain, and the total rate at which irinotecan
exits the primary compartment, the reflux of irinotecan
from the chain can produce a post-infusion increase in the
concentration of irinotecan. In particular, the recirculation
chain consists of five compartments, each of fixed volume,
with a single rate parameter that equal to the rate constant
of flow between each compartment in the chain and
between the primary compartment and the first chain com-
partment and the last chain compartment and the primary
compartment. The virtue of having a single parameter is
that it allows us to model the recirculation effects while
adding a minimum of complexity to the model. The number
of compartments in the recirculation does not reflect any
physiological setting, the five compartments chain provided
a model that can best fit the data and does not add much to
the complexity of the model.

Several models that account for enterohepatic recircula-
tion of other drugs, using variable number of compartments
in the recirculation chain have been published. Three com-
partments of fixed volume were used to describe the biliary
excretion and enterohepatic recirculation of morphine-3-
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glucoronide in rats. The recirculation loop was incorporated
between the liver compartment and the plasma compart-
ment, and elimination of the drug was assumed to occur
partially from the third compartment in the loop [27]. Davis
et al. [28] incorporated one compartment to describe the
enterohepatic recirculation of gliclazid, however, this com-
partment was actually considered to be a series of compart-
ments that delay the release of the drug back into the
gastrointestinal tract for reabsorption. Enterohepatic recir-
culation was incorporated as a secondary input to the
systemic circulation in describing the population pharma-
cokinetics of ezetimibe, a single parameter corresponding
to the percentage of the dose was incorporated in the model
[29]. A bile compartment was used to account for the enter-
ohepatic recirculation of isoflavone biochanin A in rats.
The drug was assumed to be transferred directly from the
bile compartment to the plasma compartment at regular
intervals, and a sine function was used to describe the trans-
fer [30].

After finalizing the form of the recirculation model, we
compared it with the standard compartmental model using
the criterion of average AIC value. This was calculated in
two stages by estimation of parameters for every other
patient using both the standard model and the recirculation
model. We found that the average AIC value was slightly
lower for the set of patients tested using the recirculation
model. Having ascertained that the recirculation model
yielded reasonable fits for the data, we tested all patients
with both models (recirculation and standard).

The best fit model assignment was further confirmed
with the good correlation coefficient obtained when com-
paring the best fit model trapezoidal AUC, calculated from
the model output data, with the corresponding actual trape-
zoidal AUC for each patient (Fig. 4a—c).

In summary, the introduced model can be used to
describe the pharmacokinetic of irinotecan and its metab-
olites following an IV infusion. This model can simulta-
neously describe the plasma concentration profile of
irinotecan and its metabolites when enterohepatic recircu-
lation is present. We have also demonstrated that the stan-
dard compartmental model is adequate only when no
evidence of enterohepatic recirculation is present. Given
the limited number of samples and patients, the intent of
this model is to provide a framework or a prototype that
takes into account the enterohepatic recirculation phe-
nomenon obtained in some patients and evident by a sec-
ondary peak in plasma profile after the end of the
infusion. This consideration should be useful for research-
ers in designing future studies regarding the pharmacoki-
netic of irinotecan.
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